Allergic disease is increasing worldwide with approximately 30% to 40% of the world's population now affected. 1 The development of allergic disease is determined by an interaction between genetic and environmental factors. 2 Air pollution is one of the major environmental factors impacting the development and exacerbation of allergic diseases, in particular respiratory diseases including asthma and allergic rhinitis. 3 Diesel exhaust (DE) contributes the majority of particulate matter present in urban air pollution, 4 and diesel exhaust particles (DEPs) reach the alveolar/gas exchange regions. 5 DE increases bronchial inflammation and airways resistance in healthy subjects, whereas short-term exposure to diesel traffic reduces airway function in patients with asthma. 6 Exposure to DE plays a major role in the development and progression of allergies. 4, 5 For example, high DEP exposure is associated with more frequent asthma symptoms in children with allergic asthma. 7 Interestingly, coexposure to allergen and DEPs increases allergen specific IgE, asthma severity, airway inflammation, and airway responsiveness in humans or in mouse models. [7] [8] [9] The molecular mechanisms responsible for the synergy between DE and allergen remain unclear. As mutations occur too slowly to explain the recent rapid increase in allergyassociated disease, epigenetics is a potential mechanism by which gene-environment interactions may rapidly influence disease incidence and progression. 10 DNA methylation was among the first epigenetic mechanisms to be identified 11 and is the most extensively studied in relationship to disease 12 and human populations. 13 It is the potentially reversible addition of a methyl group to DNA cytosine residues, primarily where a cytosine is followed directly by a guanine (CpG sites).
14 Consistent with epigenetics serving as a potential mediator between environment and genome, differential DNA methylation of a number of genes involved in multiple cellular processes including immune responses, [15] [16] [17] nitric oxide synthesis, 18, 19 and DNA binding 16 has been associated with air pollution exposure. We have previously shown that controlled exposure to DE alters the methylation of CpG sites in circulating mononuclear cells. Similarly, exposure to ambient pollution is associated with increased DNA methylation and decreased expression of the forkhead box protein 3 and IFN-g genes in regulatory and effector T cells, respectively, leading to impaired regulatory T-cell function and associated increased asthma morbidity. 15, 21 Studies of mechanisms underlying the interaction between allergy and DE exposure have been limited to animals or performed as observational studies (rather than controlled exposure studies), investigation of candidate targets rather than global alterations, or of easily accessible tissues such as blood 20 rather than sampling the primary site of exposure, the lung. Here, we tested the hypothesis that exposure to allergen and/or DE would alter DNA methylation in bronchial epithelial cells (BECs) by performing a randomized crossover-controlled exposure study to allergen and DE in humans. We collected BECs, the primary cell type exposed to inhalants, and assessed changes in global DNA methylation in response to exposure. We report that exposure to allergen, DE, or allergen and DE as a coexposure had modest effects on DNA methylation when assessed at 48 hours postexposure. However, exposure to both allergen and DE, with the exposures separated by 4 weeks, was strikingly different, significantly altering bronchial epithelial cell global DNA methylation. These results support the hypothesis that DNA methylation can serve as a molecular mechanism underlying the interaction between allergens and particulate air pollution on respiratory health.
METHODS

Study demographics
Seventeen white participants (see Tables I and II) were recruited to the Air Pollution Exposure Laboratory in Vancouver, British Columbia, Canada. Written consent was obtained from all subjects, and the protocols were approved by the institutional review board for human studies at the University of British Columbia. Participants were 20 to 46 years old (median 5 27, SD 5 7.8), all nonsmokers, and 47% had asthma (Table I) . We excluded individuals with any of the following: (1) pregnancy/breast-feeding, (2) use of inhaled corticosteroids, (3) regular use of bronchodilator medication (ie, use of bronchodilators more than 3 times per week), (4) unstable asthma symptoms, (5) any use of vitamins A, C, E or other antioxidant supplements, (6) comorbid conditions judged by the investigators to increase risk of dropout, or (7) work in an industrial setting or other setting of significant inhaled exposures. Men (n 5 7) and women (n 5 10) were included. Sensitization to birch, timothy/Pacific grass, and house dust mite (Dermatophagoides pteronyssinus group 1) (Table II) was tested by skin prick test, using standardized extracts. Medical grade allergen extracts (Hollister-Stier, Spokane, Wash) in solutions were used. A wheal of 3 mm or more to at least one of those allergens was required for inclusion in the study. Subjects withheld long-acting b 2 -agonists for 48 hours, short-acting b 2 -agonists for 6 hours, long-acting antihistamines for 14 days, nonsteroidal antiinflammatories and aspirin for 7 days, and short-acting antihistamines for 3 days before the skin test. A series of 10-fold dilutions of the test allergen were used to determine the lowest skin prick dose needed to elicit a 3-mm wheal, based on the strong correlation between the concentration of allergen leading to skin test positivity and that prompting airway responsiveness. 22 In those whose test allergen was birch, we required that they avoid apple, pear, sweet cherry, peach, plum, apricot, almond, celery, carrot, potato, hazelnut, mango, and chili pepper to minimize concerns for oral allergy syndrome.
Exposure design and procedures
Subjects entered a crossover experiment [23] [24] [25] (Fig 1) using 2 conditions (DE [300 mg PM 2.5 /m 3 ] or filtered air [FA]), the order of which was randomized and counterbalanced. DE exposure used a previously described system that excludes potential contamination with LPS, 26 except that in the present study we used a 2.5-kW constant load. The Air Pollution Exposure Laboratory was designed for the controlled inhalation of human subjects to aged and diluted DE to mimic ''real-world'' occupational and environmental conditions. Notably, the protocol allows for effective blinding to both the subject 27 and those analyzing all material and data.
One hour following each exposure to DE or FA, bronchoscopy was performed to deliver a saline-controlled segmental allergen challenge. A 5-mL solution of allergen extract in a concentration 10-fold lower than that minimal dose producing a positive wheal was instilled in a lower lobe bronchial segment, and 5 mL control (normal saline) was instilled in a contralateral lower lobe bronchial segment. Photographs were taken of the segments instilled, to guide subsequent bronchoscopy as needed. DE exposure preceded allergen instillation to avoid the possibility that starting with segmental allergen would lead to acute segmental bronchoconstriction and thus decreased deposition of diesel particulate matter within that segment. Forty-eight hours after allergen challenge, bronchial brushes of airway epithelial cells were obtained in the same segments. Side (right vs left) of lower lobe segmental challenge and sampling were reversed in the post-4-week period bronchoscopies (yielding samples 3, 4, 7, and 8 in Fig 1, B) and the exact segment used for the pre-4-week period challenge and sampling was avoided in the post-4-week phase (to avoid artifact). Four samples did not generate sufficient DNA for analysis, leaving 64 samples in total. All 4 samples were from the same individual (samples 5-8 of Fig 1, B) . Eight full sample sets remained for both groups and methylation analysis was not affected.
DNA isolation and DNA methylation arrays
Genomic DNA was isolated from bronchial brush samples, bisufite converted, and evaluated by Illumina Infinium HumanMethylation450 BeadChip array as described previously. 28 All procedures were conducted using commercially available kits and done following the manufacturers' protocols. Bronchial brush samples were confirmed as more than 90% BECs by light microscopy following cytospin and hematoxylin/eosin staining. Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Valancia, Calif). A total of 750 ng of the purified DNA was bisulfite-converted using the EZ-DNA methylation kit (Zymo Research, Orange, Calif), changing epigenetic data into sequence-based data by selective conversion of unmethylated cytosines to uracils. Bisulfite-converted DNA was assessed for concentration and quality using the NanoDrop, and 160 ng of the conversion product was used for genomewide DNA methylation evaluation at over 485,000 CpG sites using the Illumina Infinium HumanMethylation450 BeadChip array, as described previously. 28 
Data quality control and normalization
Illumina GenomeStudio software was used to obtain raw signal intensities that were imported into R for quality control, normalization, and statistical analysis. Any probes for which detection P values were greater than .01, probes with missing beta values, and probes for which fewer than 3 beads contributed to the signal in 1 or more samples were excluded (29,587 probes removed). A total of 11,648 probes residing on the X chromosome or the Y chromosome were removed to control for sex-derived differences on the array. . Individuals in group I were first exposed to FA; those in group II were first exposed to DE. Postexposure, allergen and saline were instilled; 48 hours later, bronchial brushings were taken for epithelial cell DNA isolation. Four weeks later, the process was repeated with opposing exposures. Samples 1 to 4 associated with group I and samples 5 to 8 associated with group II. LLL, Left lower lobe; RLL, right lower lobe.
Finally, probes known to be polymorphic at the CpG or to cross-hybridize to somatic sites and sites on the X chromosome or the Y chromosome, 29 and those examining single nucleotide polymorphisms were removed (additional 28,211 probes removed). This left 416,066 probes for 64 samples from the 16 subjects for analysis. Color correction, background adjustment, and quantile normalization were performed using the lumi R package and the data were normalized using Subset-quantile Within Array Normalization. 
Differential methylation analysis
All statistical analysis was performed using R statistical software. Probes were filtered to include only variable probes (probes that have a b-value SD of >0.05 across all samples; 43,485 probes). Probes with DNA methylation levels significantly different between the samples stated in the Results section were identified using the R lm linear modeling function (paired where appropriate) followed by q-value calculation to control for false-discovery rate at 0.05. We did not control for participants' demographic characteristics (eg, age, sex, and asthma status) as these were balanced between study group (Tables I and II) and our initial analysis ensured that there was no difference in DNA methylation due solely to study group. A filtering step for potential biological effects was then performed to leave only those probes that also had a b-value difference of greater than 0.1 (equivalent to a 10% change in methylation between groups).
DAVID functional enrichment analysis
University of California, Santa Cruz (UCSC) refgene accession-IDs corresponding to the 43,485 variable CpG probes were used as background for DAVID GO analysis. 34 UCSC refgene accession-IDs corresponding to our significant hits were input for DAVID GO analysis. Clusters with enrichment scores greater than 1.3 were considered significant.
Bisulfite PCR-pyrosequencing
Bisulfite PCR-pyrosequencing was used to validate differences in DNA methylation at select CpG sites. Bisulfite PCR-pyrosequencing assays were designed with PyroMark Assay Design 2.0 (Qiagen). The regions of interest were amplified by PCR using the HotstarTaq DNA polymerase kit (Qiagen) as follows: 15 minutes at 958C (to activate the Taq polymerase), 45 cycles of 958C for 30 seconds, 588C for 30 seconds, and 728C for 30 seconds, and a 5-minute 728C extension step. For pyrosequencing, a single-stranded DNA was prepared from the PCR product with the Pyromark Vacuum Prep Workstation (Qiagen) and sequencing was performed using sequencing primers on a Pyromark Q96 MD pyrosequencer (Qiagen). The quantitative levels of methylation for each CpG dinucleotide were calculated with Pyro Q-CpG software (Qiagen). Primer sequences are listed in Table E4 in this article's Online Repository at www.jacionline.org.
RESULTS
Study cohort and samples
To evaluate the effects of allergen and DE exposure on DNA methylation in the human lung, we performed a rigorous randomized crossover-controlled exposure study. Specifically, 17 individuals were randomized into 2 study groups (group I and group II), defined by whether FA or DE was inhaled first (Fig 1, A) . Following inhalation of FA or DE, allergen was instilled into one lung and saline into the other. The process was repeated approximately 4 weeks later with opposite exposures. This resulted in 4 exposure conditions per subject: filtered air and saline (FAS), diesel exhaust and saline (DES), filtered air and allergen (FAA), and diesel exhaust and allergen (DEA). The resulting samples were numbered and are defined in Fig 1, B . Importantly, in contrast to previous studies, 12 we collected BECs, the primary cell type exposed to inhalants. The average percentage of BECs in the brushings was high and consistent across all conditions (97.3% for FAS, 96.9% for DES, 95.4% for FAA, and 98.7% for DEA). We measured DNA methylation in genomic DNA extracted from BECs obtained from the 4 conditions at each time point, and in most cases unpaired analyses were performed. However, where possible, a paired comparison was performed and little difference identified (see Fig E1, A and B, and the Results section in this article's Online Repository at www.jacionline.org). Initial analysis revealed that no CpG sites were significantly differently methylated between group I and group II with a q value of less than 0.05 (for further detail, see this article's Results section and Fig E2 in the Online Repository at www.jacionline.org).
Initial exposure had minimal effect on DNA methylation
After determining that there were no DNA methylation differences between group I and group II (defined by whether FA or DE was inhaled first [Fig 1, A] ), we tested the effect of isolated exposures and coexposures. To do this, we investigated the effect of allergen exposure only (2.FAA vs 1.FAS), DE-only (5.DES vs 1.FAS), and allergen and DE coexposure (6.DEA vs 1.FAS) (Fig 1, B) . In these tests, no sample had received any prior study exposure. We did not identify any CpGs that had a significant change in methylation associated with allergen. Six CpGs were significantly altered by DE and seven CpGs by coexposure. Of these, 5 CpGs were common between DE and coexposure (see Table E5 in this article's Online Repository at www.jacionline. org). These data suggested that exposure of BECs to either allergen, DE, or both (coexposure) had minimal effects on DNA methylation within the 48-hour time period that elapsed from exposure to sample collection.
DNA methylation was significantly affected by allergen in lung previously exposed to DE Given the limited effects of single exposures, we subsequently tested whether allergen and DE exposure altered DNA methylation when administered individually to the same lung but separated by 4 weeks. Specifically, we assessed differences in DNA methylation in BECs exposed to allergen following exposure to DE 4 weeks earlier (7.FAA) versus those completely unexposed (1.FAS), using linear modeling. The deviation of the raw P value distributions from random suggested an association of allergen administration and DNA methylation in BECs previously exposed to DE (Fig 2, A) . This was statistically significant as we identified 150 differentially methylated CpGs at a q value of less than 0.05 (red points , Fig 2, B) . To assess the likelihood of statistically significant CpGs having biological impact, the absolute difference between the means of the b values of the exposures was calculated and referred to as the delta beta (Db). We considered a Db of 0.1, corresponding to a 10% difference in CpG methylation, to be of biological interest. A total of 75 probes had a q value of less than 0.05 and a minimum Db of 0.1 (green points, Fig 2, B and C) . Of these CpGs, 70 showed a decrease in DNA methylation in response to allergen after prior DE exposure, relative to the control (1.FAS) condition (see Fig E3, A, in this article's Online Repository at www.jacionline.org). In contrast, only 5 probes displayed an increase in DNA methylation (Fig E3, B) .
Upon further investigation we found that, while not reaching statistical significance, the initial DE exposure (5.DES) caused an intermediate change in DNA methylation, in the same direction (Fig 2, D, decrease, and E, increase) as that caused by sequential DE and allergen exposure. These data suggested that an initial DE exposure might prime DNA methylation of certain CpG sites within BECs and that upon subsequent allergen exposure these sites underwent further DNA methylation modification, resulting in a significant difference in DNA methylation relative to unexposed cells.
The 75 CpG sites differentially methylated in response to allergen following prior DE exposure were primarily in regions of low or intermediate CpG density (Fig 3, A) , significantly different from the distribution of the full analysis probe set (x 2 P value < .05). Significant sites were within 0.5 Mb of a transcription start site (TSS; red points, Fig 3, B) , while the full analysis probe set fell in DNA regions up to 2 Mb of a known TSS (black points, Fig 3, B) ; however, this enrichment did not reach statistical significance (x 2 P value 5 .3037). A total of 40 probes were downstream of a TSS, whereas 35 probes were upstream. The closest TSS to the 75 differentially methylated CpG sites were associated with 58 different genes (Table E1 in this article's Online Repository at www.jacionline.org). Several of these had more than 1 differentially methylated CpG associated with them, including 7 genes that had 2 or more (bold text  Table E1 ). Of particular note, we found a significant decrease in DNA methylation in response to allergen following prior DE exposure in 8 CpGs located upstream of the TSS of the TBX3 gene, a member of T-box family of transcription factors (Fig 3,  C) . We confirmed these data using pyrosequencing of cg02824888 (see Fig E4 in this article' s Online Repository at www.jacionline.org), which also showed a significant (Mann-Whitney P < .005) decrease in DNA methylation in response to allergen with prior DE exposure, with the difference in DNA methylation being comparable between the 2 technologies (10.7% by array vs 16.3% by pyrosequencing; see Fig E5 in this article's Online Repository at www.jacionline. org). Moving from single-gene analysis to broader biological functions, we performed functional analysis using the DAVID Gene Ontology tool and identified 2 clusters above the recommended 1.3 enrichment score cutoff (1.58 and 1.55), which highlighted genes involved in protein metabolism and hormone/ steroid stimulation among the 58 genes differentially methylated after subsequent exposure to DE and allergen (see Fig E6 in this article's Online Repository at www.jacionline.org).
DNA methylation was significantly affected by DE exposure in lung previously exposed to allergen
Having found significant changes in DNA methylation in lungs in response to DE exposure followed by allergen, we next asked whether the reverse order of exposures would result in similar effects. Specifically, we again used linear modeling to assess changes in DNA methylation in BECs exposed to DE following exposure to allergen 4 weeks earlier (4.DES) versus those completely unexposed (1.FAS). The deviation of the raw P value distributions from random suggested an effect of DE on DNA methylation in BECs exposed to allergen (Fig 4, A) . Furthermore, 
22,904
CpGs showed a significant difference in methylation at a q value of less than 0.05 (red points , Fig 4, B) , with 548 of those having a minimum Db of 0.1 (green points , Fig 4, B,  and Fig 4, C) . Ten CpGs were in common between the 75 differentially methylated in response to allergen after prior DE exposure (see Table E3 in this article's Online Repository at www. jacionline.org). Of the CpGs with a minimum of 10% change in DNA methylation, 528 probes had a decrease in DNA methylation in response to DE after prior allergen exposure (Fig E7 in this article's Online Repository at www.jacionline.org), relative to the control (1.FAS) condition whereas 20 probes had an increase in DNA methylation.
Again, although not sufficient to reach statistical significance, the initial allergen exposure (2.FAA) caused an intermediate change in DNA methylation, in the same direction as that caused by sequential allergen and DE exposure (Fig 4, D, decrease, and  Fig 4, E, increase) . These data suggest that an initial allergen exposure primes DNA methylation of certain CpG sites (that J ALLERGY CLIN IMMUNOL VOLUME 139, NUMBER 1 differ from those altered by an initial DE exposure, as noted above) within BECs and that, upon subsequent DE exposure, these sites undergo further modification to DNA methylation, resulting in a statistical difference in DNA methylation compared with unexposed cells. Of the 548 probes differentially methylated in response to DE after prior allergen exposure, close to 50% were in regions of low CpG density (Fig 5, A) , which differed from the distribution of the full analysis probe set (x 2 P value < .001). Furthermore, the differentially methylated CpG sites were enriched within 0.5 Mb of a TSS compared with the full data set (x 2 P value .0002) (red points, Fig 5, A) . A total of 260 probes were downstream of a TSS and 288 probes were upstream. The closest TSS to the 548 differentially methylated sites were associated with 450 different genes (see Table E2 in this article's Online Repository at www.jacionline.org); 63 of these had 2 or more differentially methylated CpGs associated with them (bold text Table E2 ). In particular, we found a significant decrease in DNA methylation in response to DE following prior allergen exposure in 19 CpGs associated with genes of the Hox family. Five CpGs associated with HOXA3 (Fig 5, C) , 3 CpGs with HOXA4 (Fig 5, D) , 7 CpGs with HOXB1 (Fig 5, E) , and 3 CpGs with HOXB3 (Fig 5, F) . We confirmed these data using pyrosequencing of cg18680977 of the HOXA3 gene, cg11532431 of the HOXA4 gene, cg26634219 of the HOXB1 gene, and cg11060532 of the HOXB3 gene (Fig E4) . All showed significant decreases in DNA methylation in response to DE with prior allergen exposure, with the difference in DNA methylation being comparable between the 2 technologies (Fig E5) . Functional analysis using the DAVID Gene Ontology tool identified 5 clusters (enrichment scores, 1.96, 1.43, 1.36, 1.35, and 1.34) and highlighted genes involved in biological/cell adhesion, protein localization/transport, vascular development/angiogenesis, transcription factor activity/DNA binding and cell motion/migration among the 450 genes associated with the 548 CpGs differently methylated after subsequent exposure to allergen and DE (Fig E6, B) .
DISCUSSION
The molecular mechanisms regulating the interaction between air pollution and allergic disease are poorly understood. Defining these mechanisms is critical for creating strategies to reduce susceptibility and severity of airways disease, 8 especially given dynamics associated with both air pollution and allergens associated with global climate change. 35 DNA methylation may be one of the mechanisms by which environmental exposures, including DE, can exert lasting effects on gene expression, cell function, and human health at a rate consistent with the rapid increase in allergic disease in recent decades. 8 However, current evidence linking DNA methylation to the response to inhaled allergens and traffic pollution comes primarily from animal studies and observational human studies and has focused on repetitive DNA elements.
36,37 Although we have previously (Fig 5, C) HOXA3, (Fig 5, D) HOXA4, (Fig 5, E) HOXB1, and (Fig 5, F) HOXB3 . Whiskers represent the minimum and maximum of all the data. HC, High CpG density; IC, intermediate CpG density; ICshore, intermediate CpG density overlapping with a high-density region; LC, low CpG density.
shown controlled DE exposure to alter CpG methylation in peripheral blood mononuclear cells, 20 we are not aware of any previous controlled in vivo human study investigating global DNA methylation responses to DE in conjunction with allergen, and we pursued this given the commonality of these particular exposures and our desire to embrace the complexity beyond traditional single exposure models.
Here, we used a sequential exposure paradigm in combination with DNA methylation profiling of intact (in vivo) human lung cells to test whether multiple carefully characterized exposures over a period of weeks had compounding effects. Our major finding was that prior exposure to allergen or DE significantly altered global DNA methylation in the human epithelium upon subsequent exposure, approximately 1 month later, to the alternative exposure. Furthermore, the order of these exposures resulted in different patterns of altered DNA methylation. This finding suggests that DNA methylation was highly sensitive to differences in short-term exposure, which has implications for understanding epigenetic dynamics and moving toward preventive measures. Notably, although the methylation of thousands of CpG sites changed when DE and allergen were given sequentially and separated by 4 weeks, only a few had altered methylation 48 hours after initial exposure, suggesting that a sequential insult on the lung was required to significantly alter DNA methylation. In agreement with this, samples collected from a lung exposed to allergen and DE coexposure 4 weeks previously but without additional exposure through a 4-week period ( Table E5) other than those already demonstrated after initial DE or DEA exposure (Table E5) . We suggest that the initial exposure in the sequence did alter methylation of CpG sites to an intermediate (nonsignificant) level and that the second exposure then caused further modification of methylation that reached our statistical thresholds. Of interest, in our study the sample used to assess the effect of DE in a lung previously exposed to allergen was taken from a location distinct to that where the allergen was earlier instilled. This suggests that local allergen instillation can prime the wider lung for future exposure. In support of our observation, published studies instilled allergen in the right middle lung lobe and observed significant effects (eosinophil infiltration) in a separate saline-instilled (control) lobe. 38 Probing in detail, within the broader insights relating to the potential additive effects of DE and allergen, we identified particular genes whose DNA methylation pattern was associated with these agents in our sequential exposure paradigm. The gene associated with the greatest number of differentially methylated CpG sites in response to allergen following prior exposure to DE was TBX3. TBX3 and the closely related TBX2 act as transcriptional repressors with roles in vertebrate development, cell fate, cell differentiation, and cell-cycle progression. Both are upregulated in tumors and can cause bypass of cell senescence. Tbx-2-deficient mice display hypoplastic lungs with reduced branching morphogenesis and decreased mesenchymal and epithelial cell proliferation, suggesting a critical role for these proteins in lung development. 39 Four of the Hox family of genes were associated with differentially methylated CpG sites in response to DE following prior exposure to allergen, HOXA3, HOXA4, HOXB1, and HOXB3. Hox genes encode homeodomain transcription factors that determine cell and tissue identities in the developing embryo and patterning of the developing mouse lung. 40 Most changes in DNA methylation we observed were reductions after exposure. Air pollution induces oxidative stress, which is thought to favor the demethylation process and cause lesions to DNA which prevent binding of DNA methyltransferases, thus potentially resulting in decreased methylation. 10 The detailed molecular mechanisms regulating the DNA methylation changes we observed should be investigated further via in vitro exposure of BECs to DE and allergen.
Limitations of our study include the decision to recruit both individuals with asthma and individuals without asthma knowing that we would not have statistical power to test the modifying effect of asthma status on changes in DNA methylation after allergen or DE exposure. Here, we targeted those with atopy, but not necessarily asthma, as we were interested in the immune response in those sensitive to common aeroallergens. We knew that if we were to limit by asthma status, then recruiting to a sample size with sufficient statistical power would be difficult given the demanding nature of the protocol. At inception we intended to restrict analysis to intrasubject comparison, given the crossover design, but when this became impossible we used other methods to check for demographic confounding. First, we confirmed no statistical difference in methylation between the 2 groups of individuals in ''unexposed'' conditions. Second, we performed additional paired analyses (each subject serving as his or her own control) where possible (Fig E1) . Importantly, the initial allergen-alone exposure maintained a nonsignificant effect, and the DE with prior allergen exposure (4.DES vs 1.FAS) altered minimally, increasing statistically significant hits from 22,904 to 23,379; however, the CpGs with a statistically significant change and a Db of more than 0.1 was maintained at 547 versus 548 in the unpaired analysis. This gives us confidence that individual characteristics, including asthma status, age, and sex, do not confound the data. This also applies to the fact that we included subjects reactive to different allergens, primarily to increase our overall sample size. Furthermore, a recent examination of allergen effect on human airways showed no such effect modification on outcomes related to ours (sputum inflammatory cells or methacholine responsiveness). 41 Furthermore, we recognize that the changes in DNA methylation after 4 weeks could be partially reflective of inflammation related to the stress of the prior bronchoscopy (independent of the exposures), but this concern is attenuated by the expectation that bronchoscopyrelated inflammation would have resolved within the 4-week interval. Furthermore, the very high percentage of BECs in the bronchial brushings is important in ensuring that observed changes in DNA methylation are not simply reflective of a changing distribution of cell types. Finally, it is important to consider the potential for previous exposure to external environmental inhalants to confound the results of our study. Although the potential for such an effect cannot be eliminated entirely, all subjects were nonsmokers and living in Metro Vancouver. Thus, it is unlikely that they are exposed to significant levels of air pollution (typical local exposures would be an order of magnitude below the level we use in our study). Also, any undetected incidental extraexperimental exposures would be nondifferential and thus bias to null results, such that we might miss weaker effects but the significant findings would be then the stronger effects.
Because air pollution contributes to 6% of total mortality and 50% of mortality caused by air pollution is attributed to motorized traffic, 42 the global relevance of these findings is already considerable. A recent study reporting related effect of sequential ultrafine particle and allergen exposure on bronchoalveolar lavage cell composition 43 adds further strength to the observations and warrants the initiation of larger studies to investigate this phenomenon in greater detail. There may be even more impact if this opens inquiries into whether similar additive effects occur with other exposures beyond air pollution. In spite of the complexity of epigenomics, we embraced the fact that epigenetic responses to environmental exposures are likely to depend on the timing, length, and potency of the exposure and aim to understand these complexities so that we can leverage this knowledge toward preventive measures. 44 We enhanced the biological relevance of the current study by (a) using a controlled exposure rather than an observational setting, which is prone to residual confounding; (b) using inhalation of whole DE rather than DEP, providing a more realistic inhalant and route of exposure; and (c) using DNA from BECs, the first line of defense for the lung in response to inhaled exposures rather than a surrogate tissue (ie, blood).
In summary, we show that although a single short-term exposure to allergen, DE, or both as a coexposure causes only minor changes in DNA methylation, sequential insults with allergen and DE separated by a 4-week period mediates significant changes in CpG site methylation. Although requiring further investigation, we suggest that the initial insult acts to prime the methylome for the second, resulting in an additive methylation change with potential biological relevance. Our data add biological plausibility to evidence that air pollution and allergen have significant effects on cell biology and are relevant to policymakers who want evidence from models that embrace the complexity of the environment we inhale.
Key messages
d Appreciation for the role of DNA methylation in mediating immunologic effects of environmental exposures is growing.
d We used a controlled human exposure to DE and allergen, each alone or in combination, followed by airway (conducting airway epithelium) sampling and global assessment of DNA methylation, to interrogate epigenetic changes due to these acute exposures.
d Exposure to DE and allergen each incur risk for DNA methylation changes upon subsequent exposure, and the order of such exposures determines both unique and overlapping epigenetic signals.
